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Introduction
Chemokines and chemokine receptors (CKRs) play critical roles in homeostatic and inflammatory migration of diverse cell types including memory and effector T cells (1) (2) (3) (4) . Chemokines are expressed by specific cell types in microenvironments, forming chemokine-or chemoattractant-defined microdomains. Chemokines induce firm adhesion of rolling leukocytes and are thought to help direct subsequent transmigration through endothelial cells into surrounding tissues. Subsequently, cells can migrate sequentially to one chemoattractant source after another in a process of multistep navigation that targets subsets to appropriate microenvironments as a function of their patterns of CKR expression. This step-by-step navigation allows lymphocyte subset localization to be determined by the combination of CKRs they express (5) .
Among the diverse types of effector T cells that are generated from naive T cells, two distinct types of T cells (type 1 and 2, or Th1 and Th2, specifically for polarized CD4 T cells) in particular are distinguished based upon their effector cytokine production. Th2 cells produce IL-4, IL-5, IL-6, and/or IL-13, while Th1 cells produce IFN-γ (6) (7) (8) . Polarized T cells are involved in specific effector functions and in progression of many diseases that also display strikingly polarized pathological features. One the other hand, the majori-ty (on average 77%) of memory CD4 T cells in human blood are unable to produce the Th1 or Th2 cytokines and thus have been classified as nonpolarized. These nonpolarized CD4 T cells (Tnp's) may comprise functionally specialized subsets themselves (9) (10) (11) (12) .
A number of groups have reported that Th1 and Th2 cells express distinct sets of CKRs: Th1 cells preferentially express CCR5 and CXCR3 (Th1-asssociated CKRs), while Th2 cells preferentially express CCR3, CCR4, and CCR8 (Th2-associated CKRs) (13) (14) (15) (16) (17) (18) (19) . With other, previous reports on differential roles of adhesion molecules (20, 21) , these studies on CKRs led to a proposal that Th1 and Th2 cells have homing potentials quite different from each other. The existence of characteristic Th1 versus Th2 homing properties would be attractive, because it might provide a mechanism for amplification of Th1-or Th2-associated inflammation at tissue sites of appropriate chemokine expression. However, these studies primarily have relied on artificial in vitro regimens to induce T cell polarization, and the extent to which different CKRs correlate with Th1 and Th2 cell differentiation in physiologic settings has been controversial (22) (23) (24) (25) (26) (27) . Moreover, given the requirement for trafficking of effector cells to diverse tissue sites in the body, it seems likely that substantial heterogeneity must exist within both polarized and Current concepts of chemokine receptor (CKR) association with Th1 and Th2 cell polarization and effector function have largely ignored the diverse nature of effector and memory T cells in vivo. Here, we systematically investigated the association of 11 CKRs, singly or in combination, with CD4 T cell polarization. We show that Th1, Th2, Th0, and nonpolarized T cells in blood and tissue can express any of the CKRs studied but that each CKR defines a characteristic pool of polarized and nonpolarized CD4 T cells. Certain combinations of CKRs define populations that are markedly enriched in major subsets of Th1 versus Th2 cells. For example, although Th0, Th1, and Th2 cells are each found among blood CD4 T cells coordinately expressing CXCR3 and CCR4, Th1 but not Th2 cells can be CXCR3 + CCR4 -, and Th2 but only rare Th1 cells are CCR4 + CXCR3 -. Contrary to recent reports, although CCR7cells contain a higher frequency of polarized CD4 T cells, most Th1 and Th2 effector cells are CCR7 + and thus may be capable of lymphoid organ homing. Interestingly, Th1-associated CKRs show little or no preference for Th1 cells except when they are coexpressed with CXCR3. We conclude that the combinatorial expression of CKRs, which allow tissue-and subset-dependent targeting of effector cells during chemotactic navigation, defines physiologically significant subsets of polarized and nonpolarized T cells.
nonpolarized subsets, as for other memory/effector cell subsets. Thus, we postulated that CKR expression patterns of polarized and nonpolarized cells must be complex and heterogeneous to allow their differential tissue trafficking in vivo. At the same time, we were interested to determine whether, within this heterogeneity, certain patterns or combinations of CKR expression might distinguish major Th1, Th2, or Tnp cell subsets. To address these issues we have systematically evaluated patterns of CKR expression by polarized and nonpolarized T cell populations in human blood.
In contrast to previous reports, our results reveal a remarkable heterogeneity of CKR expression by circulating and tissue Th1, Th2, Th0, and Tnp memory T cells and show that each of the CKRs studied can be expressed by cells of any functional subset. Nevertheless, we show that each CKR-expressing memory T cell population has a characteristic composition of polarized and nonpolarized memory cells and that certain patterns of overlapping CKR expression define populations highly enriched in Th1 versus Th2 cells. Such patterns of overlapping CKR expression may allow differential targeting of effector cells during chemotactic navigation.
Methods
Ab's. Ab's to CD4 (RPA-T4), CD45RA (HI100), CD45RO (UCHL1), and IFN-γ (4S.B3) were purchased from PharMingen (San Diego, California, USA). Anti-IL-4-phycoerythrin (anti-IL-4-PE; 3010.211) was from Becton Dickinson Immunocytometry Systems (Mountain View, California, USA). Ab's to CXCR6 (56811.111), CCR1 (53504.111), CCR2 (48607.121), CCR5 (45549.111), CCR6 (53103.111), CXCR3 (49801.111), and CXCR5 (51505.111) were from R&D Systems Inc. (Minneapolis, Minnesota, USA). Ab's to CCR3 (7B11), CCR4 (1G1), CCR7 (7H12-12-2), and CCR9 (GPR96-1) were from Millennium Pharmaceuticals (Boston, Massachusetts, USA Cell isolation. Human peripheral blood was obtained from Stanford University Blood Center (Stanford, California, USA), and PBMCs were isolated by using a density gradient centrifuge on Histopaque-1077 (Sigma Chemical Co., St. Louis, Missouri, USA). CD4 + T cells (purity >97%) were isolated by depleting non-CD4 + T cells using a magnetic bead depletion method (Miltenyi Biotec, Auburn, California, USA). Isolated CD4 T cells were stained with appropriate Ab's and used for cytokine analysis. After CD4 T cells were stained with two different CKRs (CXCR3-FITC and anti-CCR2, -CCR4, -CCR5, -CCR6, or -CCR7-CyChrome, or CCR7-FITC and anti-CCR4-CyChrome), single-and doublepositive populations were sorted by FACSVantage SE (Becton Dickinson Immunocytometry Systems, San Jose, California, USA).
Synovial fluid was obtained from psoriatic arthritis patients undergoing diagnostic arthrocentesis. Diluted synovial fluid (1:2 in PBS) was centrifuged at 250 g before being layered over Ficoll (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA) to isolate the mononuclear layer. All human subject protocols were approved by the Institutional Review Board at Stanford University.
Cytokine single cell analysis of CKR-expressing CD4 T cells. CD4 T cells were prestained with Ab's (anti-CKR and anti-CD45RA or anti-cutaneous lymphocyte-associated antigen) and activated for 4 hours with PMA (50 ng/ml) and ionomycin (1 µM) in the presence of monensin (10 µg/ml; Sigma Chemical Co.). This prestaining method yielded similar results to the experiments using sorted T cell subsets. Importantly, the staining patterns of CKRs allophycocyani (APC) cutaneous lymphocyte-associated antigen (CLA; FITC), and CD45RA (CyChrome) were preserved after activation in this condition. Activated cells were fixed and permeabilized using Cytofix/Cytoperm solution (PharMingen) and stained with appropriate isotype control Ab's or anti-IL-4-PE and anti-IFN-γ-APC. Simultaneous staining for IL-4, IFN-γ, and CKRs allowed characterization of the frequency of Th1 cells, memory/effector CD4 cells producing only IFN-γ; Th2 cells, producing only IL-4; Th0 cells producing both IFN-γ and IL-4; and Tnp's producing neither IFN-γ nor IL-4 among CD4 T cells expressing each CKR. Data were analyzed on FACScalibur using CellQuest program (Becton Dickinson Immunocytometry Systems). For analysis of Th1 and Th2 content in CCR7 +/-, CXCR3 +/-CCR4 +/-, or CXCR3 +/-CCR5 +/-, CXCR3 +/-CCR2 +/-, CXCR3 +/-CCR6 +/-, or CXCR3 +/-CXCR5 +/-CD4 T memory cell subsets, cells were sorted and then analyzed for expression of IL-4 and IFN-γ.
Statistics. To calculate significant differences between two groups, two-tailed and paired Student t test was used.
Results
Each CKR-defined memory T cell population has a characteristic composition of polarized and nonpolarized subsets. Initially, we investigated the production of Th1 and Th2 cytokines by circulating fresh blood CD4 T cell subsets expressing different CKRs. Expression of CKRs on CD4 T cells characterizes distinct populations of T helper cells. Many members of the CKR family such as CCR2 (28), CCR3 (29-31), CCR4 (22, 32) , CCR5 (33, 34), CCR6 (35-37), CXCR3 (38), CXCR5 (39), and CXCR6 (19, 40, 41) are expressed only on memory (CD45RAor CD45RO + ) CD4 T cells ( Figure 1a ). CCR7 (42) and CCR9 (43) (44) (45) are expressed on both naive and memory CD4 T cells (Figure 1a ). CCR1 and CXCR4 are not included in this study, since they are expressed by too few (CCR1) or by almost all (CXCR4) blood CD4 T cells (data not shown). Each CKR-expressing memory CD4 T cell population is composed of characteristic frequencies of Th1, Th2, Th0, and Tnp cells (Figure 1 , b and c). CXCR3-, CCR5-, and CXCR6-expressing CD4 T cells are enriched for Th1 cells (45-49%, n = 8), although cells expressing these CKRs also contain significant numbers of Th2 cells (1-3% of each population; 30-90% of the Th2 cell frequency in the whole memory population). CCR2 + CD4 T cells, while rela-tively enriched for Th1 cells, contain similar levels of Th2 cells to the total memory CD4 T cell pool. CCR4 + cells are enriched for Th2 cells (9.3%) compared with total memory CD4 T cells (2.8%). Surprisingly, although Th1 cells are relatively depleted among CCR4 + cells, in fact approximately 10% of CCR4 + cells are Th1, as well. CCR3 + cells, a rare subset in blood, contain twice the frequency of Th2 cells as the bulk memory CD4 cell population, but on average contain a similar frequency of Th1 cells. Th0 cells are enriched within CCR2-, CCR5-, CXCR3-, and CXCR6-expressing memory CD4 T cells ( Figure 1c ).
The majority (77%, n = 9) of blood memory CD4 T cells are nonpolarized Tnp's, unable to produce IL-4 or IFN-γ. Eighty-eight percent of CXCR5 + or 84% of CCR7 + T cells are Tnp's (n = 8), levels higher (77%) than that of total memory T cells ( Figure 1c ). Correlating with their reduced numbers of Th1 cells, CCR4 + T cells also contain many (81%) Tnp's. Fewer but still considerable numbers of Tnp's are contained within the CCR2-positive (46%), CCR5-positive (45%), CXCR3-positive (48%), and CXCR6-positive (48%) populations. CCR3-, CCR6-, and CCR9-positive subsets contain similar frequencies of Tnp's to the total memory CD4 T cells.
CKR expression profiles of Th1, Th2, Th0, and Tnp cells. Precommitted Th1 and (especially) Th2 cells represent only a small fraction of most of these CKR-defined subsets. To characterize polarized effector and nonpolarized memory cells more directly, we therefore identified these minor effector cell populations based on cytokine staining and directly evaluated their expression of the different receptors. Most Th1 cells express CXCR3 (on average 90%) ( Figure 2 ). In contrast, only approximately 50% of Th1 cells express CCR5, only approximately 15% of Th1 cells express CXCR6, and only approximately 42% express CCR2. Almost all (∼95%) Th2 cells express CCR4, while CCR3 marks only approximately 3% of Th2 cells. Many Th0 cells express CXCR3, CCR5, CCR2, CCR4, and CCR7 receptors that are expressed by many Th1 and/or Th2 cells. CCR6 is also expressed on approximately 40% of Th1 and approximately 10% of Th2 cells. Many Tnp's express CCR7 (76%), CCR4 (34%), CXCR5 (25%), CXCR3 (24%), and CCR6 (24%) in a decreasing order. Notably, CXCR5 is particularly expressed by more Tnp versus Th1, Th2, or Th0 cells. In contrast, CCR2 + T cells are underrepresented in the Tnp versus Th1, Th2, or Th0 cell population.
The majority of polarized effector T cells are CCR7 + . A CRK CCR7 has been described previously as a defining factor for two different memory T cell populations: CCR7 + memory cells were associated with a proliferation reserve population and lacked effector function, while CCR7cells were equated with immediate effector T cells that produce effector cytokines upon stimulation (42) . However, our results show that both CCR7 + and CCR7 -T cells contain effector T cells and that there are in fact many more CCR7 + than CCR7polarized T cells in human blood ( Figure 3 ). Approximately, 30% of CCR7memory T cells and 15% of CCR7 + memory T cells were IFN-γ producers, and 6% of CCR7and 3% of CCR7 + memory T cells were IL-4 producers (Figure 3a) . In blood, CCR7memory T cells are relatively rare (24% of memory CD4 T cells) when compared with CCR7 + memory T cells (76% of memory CD4 T cells) ( Figure 1a ). Therefore, when the absolute number of polarized effector (IL-4 or IFN-γ producers) T cells was calculated based on the frequency of each memory subset in blood (42% ± 8% of CD4 cells are CCR7 + , 11% ± 3% are CCR7 -; n = 8), there are more CCR7 + IFN-γ (8% of CD4 T cells) than CCR7 -IFN-γ (3.5%) producers among CD4 T cells (Figure 3b ). Similarly, more CCR7 + (1.6% of CD4 T cells) than CCR7 -(0.7%) IL-4 producers are present in the circulation.
We also examined the effector frequencies of CXCR5 +/memory CD4 T cell populations for direct comparison with the CCR7 +/populations. CXCR5 + cells are a subset of the CCR7 + population (on average, 26% of CCR7 + memory T cells are CXCR5 + , whereas almost no CCR7 -T cells express CXCR5; not shown), and CXCR5 + cells are largely defective in production of IL-4 and IFN-γ (9, 10) . Fewer polarized effectors were found among CXCR5 + than among CXCR5or CCR7 +/memory T cell populations. When the absolute number of polarized cells in blood was examined, most effectors were found in CXCR5but not in CXCR5 + memory T cell population, in contrast to the distribution of polarized cells in CCR7 +/populations ( Figure 3 ). These data suggest (a) that not all, but a subset of the CCR7 + memory T cell population (e.g., CXCR5 + T cells), are really defective in Th1/2 effector cytokine production and (b) that the majority of effector T cells are CCR7 + . Therefore, many polarized cells may circulate through central lymphoid tissues as well as tissue sites of inflammation, but these IFN-γ-and IL-4-producing cells are largely independent of the presumed B helper-related T cells expressing the follicle homing-associated CKR CXCR5.
More specific definition of polarized T cells by combinations of CKRs. Leukocyte microenvironmental homing is controlled not by individual receptors, but rather through multistep processes of navigation that require sequential engagement of several chemoattractant (and other)
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The receptors expressed in combination on the cell surface (5) . We therefore asked if overlapping patterns of expression of CKRs (especially CXCR3 and CCR4, which are expressed by most Th1 or Th2 cells, respectively, as shown in Figure 2 ) might more effectively distinguish Th1 versus Th2 cells. To ask whether singly positive or coexpressing subsets display distinctive Th effector associations, we separated the CCR4 + CXCR3 -, CCR4 + CXCR3 + , and CCR4 -CXCR3 + populations and examined the polarized T helper subset composition of each population (Figure 4) . Surprisingly, Th1 cells (representing 37-65%) but almost no Th2 cells are found in the CCR4 -CXCR3 + population, while Th2 (up to 10%), but very few Th1 cells (<2%) are CCR4 + CXCR3 -. Interestingly, the double-positive CCR4 + CXCR3 + cells have intermediate levels of Th1 (10-20%) and Th2 (∼2%) cells and contain more Th0 cells (up to 2%) than the other two subsets (Figure 4b ). On average, 88% of Th1 cells in blood are in fact CXCR3 + CCR4 -, and 90% of Th2 cells are CXCR3 -CCR4 + , so that these combinations of receptors define major subsets of circulating effector-polarized T cells. Thus, analyses of these receptors in combination reveal a more specific phenotype for most Th1 (CXCR3 + CCR4 -, 88% of Th1) and Th2 (CXCR3 -CCR4 + , 90% of Th2) cells and show that CXCR3 + Th2 cells and CCR4 + Th1 cells are primarily within a CXCR3 + CCR4 + double-positive population, which contains a mixture of Th0, Th1, and Th2 cells.
In the context of the multistep processes of cell migration, individual receptors can play different roles in different physiological settings (at different steps). As an example, CCR4 has been implicated in apparently "conflicting" roles as (a) a preferential Th2 cell chemoattractant receptor, and (b) a lymphocyte "homing receptor" for skin involved in vascular recognition during lymphocyte (presumably both Th1 and Th2) recruitment from the blood in diverse settings of cutaneous inflammation (46) . To determine if overlapping receptor patterns could help explain this apparent conflict, we analyzed the phenotype of skin-homing memory T cells defined by expression of the CLA. As shown in Figure 4c, many CLA + CD4 T cells coordinately express CXCR3 and CCR4: as reported previously, almost all CLA + T cells are CCR4 + (46) , but fully half of CLA + T cells are also CXCR3 + (Figure 4c ). Interestingly, compared with CLA -CXCR3 + CD4 T cells (most of which are CCR4 -), CLA + CXCR3 + T cells (which are almost all CCR4 + ) contain reduced numbers of Th1 cells, consistent with the reduction frequency of Th1 cells among CXCR3 cells coexpressing CCR4. The frequency of Th2 cells is also lower among CLA + CXCR3 + than among CLA + CXCR3cells (even though both populations are predominantly CCR4 + ). We conclude that many skinhoming T cells display both CXCR3 and CCR4 and that the frequencies of Th1 and Th2 cells in each subset closely correlate with the coexpression pattern of the two receptors as predicted from Figure 4a and b.
CKR association with T cell polarization in inflamed tissues. It is important to ask whether the same rules of CKR association with polarization of circulating blood CD4 T cells would apply for the T cells in extralymphoid tissues, particularly inflamed tissues. To answer this, we examined CKR expression by polarized and nonpolarized T cells in synovial fluids from patients with psoriatic arthritis, a type 1 polarized disease (47) . All of the arthritis synovial CD4 T cells were memory cells (CD45RA -CD45RO + ; Figure 5b ). These CD4 T cells differ from blood T cells in that many more express the CKR CCR5 (71-89%), CXCR3 (68-85%), CXCR6 (22-61%), and CCR2 (33-47%) (n = 3, Figure 5a ). Surprisingly, approximately half (48.5%) of the tissue CD4 T cells also express CCR4, a pro-Th2 receptor. Most of these CCR4 + T cells coexpress CXCR3 (Figure 5c ). Furthermore, one-third of the synovial CD4 T cells also express CCR7, a CKR proposed by others to define lymphoid tissue-homing lymphocytes excluded from extralymphoid tissues. Small but significant percentages of the CD4 T cells express CXCR5 (4-9.5%) or CCR3 (5-8%). CCR1 + or CCR9 + CD4 T cells are relatively rare (0.5-2.1%) in synovial fluid.
We next examined the frequency of polarized and nonpolarized T cells in CKR + CD4 T cell populations in synovial fluid. Many more Th1 and Th0, but fewer Th2, cells are found in arthritic synovial fluid than in blood, confirming that they are mainly type 1 polarized (Figure 5d ). CCR2 + , CCR3 + , CCR5 + , CXCR3 + , and CXCR6 + CD4 T cell populations contain slightly more than or similar frequencies of Th1 and Th0 cells to the total CD4 T population, while CCR4 + , CCR7 + , CXCR5 + , and CCR6 + populations contain reduced, but significant, numbers of Th1 cells. Synovial CCR4 + T cells do not contain more Th2 cells than other CKR + subsets (Figure 5e ). Expression of CKRs by Th1, Th2, Th0, and Tnp cells are shown in Figure 5f . Although expressed by all subsets, CCR4 is expressed by more Th2, Tnp, and Th0 than Th1 cells. In contrast, CXCR6, CXCR3, CCR5, and CCR2 are expressed by more Th1 and Th0 than Th2 and Tnp cells. As in blood, CXCR5 and CCR7 are expressed by more Tnp than Th1, Th2, and Th0 cells in synovial fluid.
Coexpression of CXCR3 confers polarity toward Th1 on CKR + populations. To explore further the significance of overlapping CKR profiles in defining fingerprints of specialized effector subsets, we next asked if functionally distinct subsets of CXCR3 + cells could be identified by the presence or absence of additional CKRs. Data presented in Figure 6 show that most Th1 cells that express CCR5, CCR2, CCR6, or CXCR5 actually coexpress CXCR3. Thus, in the absence of CXCR3, neither CCR5, CCR2, CCR6, or CXCR5 expression is associated with a significant frequency of Th1 cells, and none of these receptors predicts Th1 cytokine production by itself. In fact, the percentage of CXCR3 + double-positive cells in these populations (75% in CCR5 + , 73% in CCR2 + , 48% in CCR6 + , 25% in CXCR5 + ) positively correlates with their polarity toward Th1 within each CKR-defined subset. More importantly, the data lead to interesting and surprising conclusions about the significance of coexpression of 1336
The each of these receptors with CXCR3. CCR5 and CCR6, respectively, have only marginal positive and negative association with the frequency of Th1 or Th2 cells among the CXCR3 + population, suggesting that these receptors are more likely regulated independently of Th1 cytokine preference (Figure 6, a and c) . On the other hand, expression of CCR2 is associated with a decrease rather than an increase in Th1 frequency and a slight increase in Th2 cells among CXCR3 + cells (Figure 6b ). CXCR5 is most strongly associated with a decrease in Th1 frequency (Figure 6d ).
Discussion
Recent literature has led to two widely cited theses regarding the association of CKR expression and lymphocyte homing properties with T cell polarization or effector function. The first thesis is that some CKRs may be exclusively expressed by either Th1 or Th2 cells; the second is that CCR7 + memory T cells are defective in effector function, while CCR7 -T cells comprise the immediate effector pool. In this study, CKR expression by in vivo polarized Th0 and Tnp cells was examined in three different but complementary ways: analyses of polarized and nonpolarized cell frequency in each CKR-defined subset; direct examination of CKR expression by polarized effector (Th1 and Th2), Th0, and Tnp memory CD4 T cell subsets; and analyses of combinatorial CKR expression by polarized cells. Our results call into question current assumptions and reveal novel features of CKR expression by polarized effector and nonpolarized memory CD4 T subsets that imply the capacity for differential targeting of these populations in the setting of diverse homing programs.
In the context of differential CKR expression, our results support two major conclusions: first, that none of the CKRs studied here is exclusively expressed by Th1, Th2, Th0, or Tnp cells, and second, that a number of CKR-defined subsets are nonetheless relatively enriched in their content of Th1 or Th2 cells. Our results show that there are several classes of Th1-or Th2-associated CKRs. The first is expressed by almost all Th1 cells or all Th2 cells (CXCR3 for Th1 and CCR4 for Th2). The second class of CKRs is only expressed by subset of Th1 or Th2 cells, yet is preferentially displayed by the cells of one effector type: CCR2, CCR5, and CXCR6 for Th1 are in this group. None of the CKRs studied fall into this group for Th2 cells in our hands including CCR3. In this regard, other scientists have reported CCR3 is not reproducibly expressed on Th2 cells (26, 27) . Yet another class of CKRs, including CXCR5, CCR7, and CCR6, show no preferential association and indeed are negatively related to T cell polarization: T cells expressing these CKRs, especially CXCR5, contain a reduced frequency of polarized T cells compared with the total memory T cell population.
Recent reports of enhanced frequency of Th1/2 cells among blood CCR7 -T cells have led to the erroneous conclusion that CCR7 and polarized T cell functions are mutually exclusive; i.e., CCR7 + T cells are defective in immediate effector function and home exclusively to secondary lymphoid tissues, while effector cytokineproducing cells are CCR7and home only to nonlymphoid tissues (42) . Our results demonstrate that, actually, there are many more CCR7 + than CCR7 -Th1 and Th2 cells in blood. Expression of CCR7 may be necessary for targeting CCR7 + T cells into lymphoid tissues,
Figure 6
Dependence of Th1-containing populations on coexpression of CXCR3. Peripheral blood CD4 T cells expressing CXCR3 and/or another CKR among CCR5 (a), CCR2 (b), CCR6 (c), or CXCR5 (d) are shown along with frequencies of Th1 and Th2 cells. Each subset was sorted after staining with Ab's to CKRs, stimulated with PMA and ionomycin, and examined for production of IL-4 and/or IFN-γ. Results from three to four donors are shown.
but is not sufficient to prevent the homing of polarized CCR7 + T cells into nonlymphoid tissues. Indeed, CCR7 + memory T cells express other CKRs such as CXCR3 and CCR4 that can target cells to nonlymphoid tissues (data not shown). Thus, many polarized CCR7 + Th1 or Th2 cells may be able to home to lymphoid organs as well as extralymphoid tissues. In line with this, Randolph et al. have reported that in vitro-generated Th1 cells express CCR7 and migrated well into T cell areas of the spleen (48) . Homing of polarized T cells into lymphoid tissues may lead to amplification of Th1 or Th2 cell generation from naive T cells. It has been reported also that CCR7 does not discriminate IFN-γ producers from non-IFN-γ producers among CD8 T cells (49) .
Our results show that many Tnp's that are unable to produce IFN-γ or IL-4 can also express a number of (nonlymphoid tissue homing) CKRs such as CCR5, CXCR3, and/or CCR4 in addition to lymphoid homing-related receptors CCR7 and CXCR5. These findings suggest that these T cells also have a homing potential to nonlymphoid tissues and may have other functions other than effector cytokine production. This is supported by the fact that significant portions of T cells isolated from various nonlymphoid tissues are defective in Th1 or Th2 cytokine production, and in some tissue sites many infiltrating memory phenotype T cells are CCR7 + (Figure 5 and ref. 50) .
Although our results show that CCR4 is expressed by most Th2 cells and CXCR3 by most Th1 cells in circulation, we describe significant numbers of CCR4 + Th1 and CXCR3 + Th2 cells, most of which are contained among a CXCR3 + CCR4 + (dual receptor expressing) memory CD4 population. Thus, a strong and specific correlation with Th1 and Th2 subsets requires simultaneous evaluation of both receptors: CXCR3 + CCR4and CCR4 + CXCR3 -Th cells comprise Th1 and Th2 cells, respectively, whereas CXCR3 + CCR4 + cells contain relatively more Th0 cells and significant (if reduced) frequencies of both Th1 and Th2 cells, as well. These findings raise the possibility that distinctive combinations of receptors may confer specialized homing behavior on these major effector cell populations. Identification of the CXCR3 + CCR4 + subset may also help us explain the apparently contradictory roles proposed for CCR4: CLA + skin homing T cells, which are almost all CCR4 high , contain a high frequency of CXCR3 + CCR4 + cells. Therefore, association of CCR4 with skin-homing T cells means that not only Th2 (CLA + CCR4 + CXCR3 -) cells, but also Th1, Th0 (CLA + CCR4 + CXCR3 + ), and Tnp cells are able to home to skin. In fact, the heterogeneity of skin-homing cells should permit each different effector T cell subset to home to skin in normal and diseased conditions. The CKR expression pattern by the CD4 T cells from arthritic synovium is different from that of circulating blood CD4 T cells in that they are enriched with T cells coexpressing tissue homing-related CKRs such as CXCR3, CCR5, CXCR6, and CCR4. Particularly, they are enriched for CXCR3 + CCR4 + double-positive T cells with an enhanced frequency of Th0 cells and fewer polarized (Th1 or Th2) cells than single-positive populations expressing either CXCR3 or CCR4. These data are well supported by the fact that, despite being T cells from a Th1-oriented disease, the frequency of IFN-γ producers among the Th1-oriented CKR + (CCR5 + , CXCR3 + , and CXCR6 + ) synovial fluid CD4 T cells are actually lower than those of their blood counterparts. Furthermore, the Th0 frequency (3-4%) of these tissue CD4 T cells is higher (1.1%) than that of blood memory CD4 T cells. Therefore, we conclude that the rules of CKR association with T cell polarization, initially discovered for peripheral blood CD4 T cells (Figures 1-4) , apply also to the tissue CD4 T cells ( Figure 5 ). Expression of the lymphoid-homing CKR CCR7 by many polarized and nonpolarized T cells in arthritic synovium further confirms that CCR7 expression by itself should not be regarded as an indicator for lack of effector function or for homing phenotype only to lymphoid tissues.
Our findings also suggest an explanation for the preferential expression of CCR5 or CCR2 by many Th1 cells. These CKRs are most often coexpressed with CXCR3 in blood and some tissues, and in fact the smaller subsets of CCR5 and CCR2 cells that lack CXCR3 contain few Th1 (and more Th2) cells. Thus these CKRs may be considered "opportunistic Th1associated markers," since their association with Th1 polarization appears to depend largely on coexpression with of CXCR3 ( Figure 6 ).
CXCR3 ligands such as IP-10, MIG, and I-TAC, and CCR4 ligands such as MDC and TARC, are expressed by a number of cell types and are widely associated with sites of inflammation (51) (52) (53) (54) . These CXCR3 and CCR4 ligands differ in regulation because the CXCR3 ligands are induced by IFN-γ, while the CCR4 ligands are induced by IL-4 and/or IL-13 in cell types including macrophages, endothelial cells, and bronchial epithelial cells. Thus, our results suggest the potential for differential targeting of major populations of Th1 and Th2 cells based on their differential expression of these two receptors and their chemokine ligands: in this model, CXCR3 would act in concert with other coexpressed receptors (including, in some instances, CCR7, more often CCR5 and CCR2, and even CCR4 in inflamed skin) in targeting of Th1 cells and CCR4 in concert with others (including CXCR3 to inflamed sites and CCR7 to lymphoid tissues) in targeting of Th2 cells.
In conclusion, our results demonstrate, in contrast to previous reports, that polarized effector and nonpolarized memory T cells in blood and tissues display diverse CKRs and thus suggest that they are highly heterogeneous in trafficking properties. However, this heterogeneity is not random but follows certain trends. Thus the heterogeneity does not exclude the possibility that major populations of Th1, Th2, and Tnp cells are targeted differentially in vivo, because successful navigation and differential targeting of cells require the simultaneous display of multiple receptors (in unique combinations) on the cell surface (5) .
